Best be(e) on low fat: linking nutrient perception, regulation and fitness by Ruedenauer, Fabian A. et al.
LETTERS Best be(e) on low fat: linking nutrient perception, regulation
and fitness
Fabian A. Ruedenauer,1,2 David
Raubenheimer,3 Daniela Kessner-
Beierlein,1 Nils Grund-Mueller,1
Lisa Noack,1 Johannes Spaethe4
and Sara D. Leonhardt1,2*
The peer review history for this arti-
cle is available at https://publons.c
om/publon/10.1111/ele.13454
Abstract
Preventing malnutrition through consuming nutritionally appropriate resources represents a chal-
lenge for foraging animals. This is due to often high variation in the nutritional quality of avail-
able resources. Foragers consequently need to evaluate different food sources. However, even the
same food source can provide a plethora of nutritional and non-nutritional cues, which could
serve for quality assessment. We show that bumblebees, Bombus terrestris, overcome this challenge
by relying on lipids as nutritional cue when selecting pollen. The bees ‘prioritised’ lipid perception
in learning experiments and avoided lipid consumption in feeding experiments, which supported
survival and reproduction. In contrast, survival and reproduction were severely reduced by
increased lipid contents. Our study highlights the importance of fat regulation for pollen foraging
bumblebees. It also reveals that nutrient perception, nutrient regulation and reproductive fitness
can be linked, which represents an effective strategy enabling quick foraging decisions that prevent
malnutrition and maximise fitness.
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INTRODUCTION
Malnutrition resulting from the consumption of inadequate or
nutritionally inappropriate food resources has severe health,
performance and fitness consequences for most organisms (Su
& Gao 2007; Lee et al. 2008; Simpson & Raubenheimer 2012;
Arganda et al. 2017; Vaudo et al. 2018). In fact, malnutrition
may contribute to or enhance widespread population declines,
such as currently observed in insects in general and bees in
particular (Naug 2009; Potts et al. 2010; Goulson et al. 2015;
Hallmann et al. 2017; Seibold et al. 2019). Whether or not a
resource is appropriate for an organism largely depends on
species-specific requirements and thus on the nutritional qual-
ity of food, i.e. the composition and quantity of nutrients.
For example, high intake of fat and deviations from ideal
fatty acid (FA) ratios (Simopoulos 2002) can impair learning
(Arien et al. 2015) and shorten lifespans in honeybees (Had-
dad et al. 2007; Manning et al. 2007). Selecting and consum-
ing appropriate food resources through behavioural and
physiological adaptations (e.g. differentiation by taste, memo-
risation of valuable resource patches, nutrient-selective forag-
ing) can strongly increase individual health and reproductive
fitness.
The intake of ideal nutrient ratios is however challenged by
the high degree of variation in the amounts and ratios of dif-
ferent micro- and macronutrients in different food resources
(Simpson & Raubenheimer 2009; Simpson & Raubenheimer
2012; Biesalski 2017). Avoiding malnutrition and obtaining
nutritionally appropriate diets consequently requires nutrient-
sensitive foraging and/or consumption (Raubenheimer &
Simpson 1993, 1999; Mayntz et al. 2005; Jensen et al. 2011).
In fact, many animals, e.g. bumblebees (Bombus terrestris)
(Ruedenauer et al. 2016) or trap-jaw ants (Odontomachus has-
tatus) (Bazazi et al. 2016), rapidly adapt their foraging beha-
viour and resource intake to changes in the nutritional quality
of food. These prompt behavioural responses indicate that
these species are capable of sensing nutritional differences
between different food sources likely by means of specific taste
receptors (Abisgold & Simpson 1988; Simpson et al. 1991).
However, different food sources vary in the composition of a
plethora of nutritional cues and signals, not all of which are
meaningful in each context. This may explain why many ani-
mal species regulate the intake of one specific macronutrient,
but not the intake of others (Simpson & Raubenheimer 2012).
As a consequence, animals readily consume too low or exces-
sive amounts of other nutrients in order to reach the intake
target of the regulated nutrient (Simpson & Raubenheimer
2012). For example, some omnivores (e.g. humans) and herbi-
vores (e.g. herbivorous primates and insects (e.g. locusts,
caterpillars)) regulate protein intake, while many predators
(e.g. minks, carabid beetles) regulate carbohydrate and/or fat
intake (Gosby et al. 2011; Bray et al. 2012; Simpson &
Raubenheimer 2012). Nutritional quality is thus largely
defined by the content of the regulated nutrient. Interestingly,
we hardly know the perceptional mechanisms underlying
nutritional quality assessment (Abisgold & Simpson 1988;
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Simpson et al. 1991; Simpson & Raubenheimer 2012). For
example, it is widely unknown which nutritional cues are per-
ceived or whether they are linked to regulated nutrients.
In this study, we elucidate nutritional quality assessment
and perception and determine whether it can be linked to
nutritional target regulation in the bumblebee Bombus ter-
restris. We studied bees because they are important pollina-
tors, obtain most nutrients from nectar and pollen as main
food sources and appear to regulate protein intake (like other
herbivores) (Pirk et al. 2010; Vaudo et al. 2016b). While nec-
tar is mainly a source for carbohydrates, pollen contains most
other required nutrients (protein, fat, minerals and vitamins
(Roulston & Cane 2000)). Besides nutrients, pollen addition-
ally contains several other compounds such as secondary
metabolites (Palmer-Young et al. 2019a; Palmer-Young et al.
2019b) and scent compounds (Dobson et al. 1996; Dobson
et al. 1999). Pollen thus represents a complex chemical mix-
ture with many different volatile (e.g. terpenoids and ben-
zenoids (Dobson et al. 1999)) and non-volatile (e.g. nutrients
and plant secondary metabolites) cues. Among these cues,
bumblebees appear to use non-volatile nutritional cues for
nutritional quality assessment, as they can differentiate
between two pollen types differing in nutritional quality only
when they can taste pollen (Ruedenauer et al. 2015). Besides
their own individual perception, bumblebees, like other social
insects, could additionally rely on behavioural or chemical
feedback from relatives, which process (e.g. nurse bees) or
consume (e.g. offspring) allocated food (Dussutour & Simp-
son 2008; Gr€uter et al. 2013; Ruedenauer et al. 2016).
Moreover, the nutritional quality of pollen and in particular
its protein content seems to largely determine bumblebee col-
ony development (K€amper et al. 2016; Moerman et al. 2017;
Roger et al. 2017) as well as bumblebee immune defence (Di
Pasquale et al. 2013; Brunner et al. 2014; Roger et al. 2017).
Pollen protein content and amino acid profiles furthermore
correlate with foraging preferences (Kitaoka & Nieh 2009;
Leonhardt & Bl€uthgen 2012; Kriesell et al. 2017). However,
more recent studies suggest that, in addition to protein, fat
also plays an important role in nutrient regulation for bum-
blebees (Vaudo et al. 2016a; Vaudo et al. 2016b).
We performed a range of behavioural experiments with B.
terrestris to determine (1) the nutritional cues perceived and
thus potentially used for nutritional quality assessment, (2)
whether these cues were linked to nutrient regulation and (3)
whether these cues affected B. terrestris health and reproduc-
tive fitness. We focused on protein and fat, the two main pol-
len macronutrients apparently regulated by bumblebees (Pirk
et al. 2010; Vaudo et al. 2016b). However, most protein and
fat molecules are likely too large for taste receptors (Solms
1969), rendering smaller molecules, e.g. amino acids (AAs)
and fatty acids (FAs), more likely candidates for reception
and thus perception. In fact, the content of free AAs posi-
tively correlates with the total protein content of pollen
(r = 0.40, P < 0.001; data obtained from Weiner et al. 2010)
and negatively with its fat content (for bee-collected pollen,
Ruedenauer et al. 2019). We consequently predicted that bees
would use both AAs and FAs in pollen as nutritional cues to
obtain information on the content of their regulated macronu-
trient protein. Because bees were suggested to avoid excessive
protein/AA intake (Helm et al. 2017), we further expected
bumblebees to reduce collection of pollen enriched with AAs.
As animals mostly regulate only one nutrient group and
because bees were suggested to be particularly sensitive to pol-
len protein content, we predicted that they should show no
differences in collection between pure pollen and pollen
enriched with FAs. We finally hypothesised that colonies fed
pollen enriched with excessive amounts of AAs or FAs would
show reduced survival and reproduction, as overconsumption
of nutrients is generally toxic (Simpson & Raubenheimer
2009; Pirk et al. 2010).
MATERIALS AND METHODS
Bee colonies
We purchased 24 Bombus terrestris colonies from a commer-
cial supplier (Behr, Kampen, Germany) between February
2017 and April 2018. Six of these colonies were transferred
into two-chambered wooden boxes (240 9 210 9 110 mm per
chamber, where one chamber served as brood chamber and
the other chamber as foraging chamber). These colonies were
used for learning experiments. The other 18 colonies, kept in
the original boxes (270 9 240 9 200 mm) provided by the
supplier, were used as source colonies for the feeding experi-
ments. All animals were kept in a climate chamber (25°C, 50-
% humidity, 12/12 h light/dark-cycle) and fed ad libitum
Apiinvert (S€udzucker AG, Mannheim, Germany; a mixture of
sucrose, fructose, and glucose, delivered with the colonies)
and honeybee-collected pollen (Naturwaren Niederrhein
GmBH, Goch-Asperden, Germany).
Preparation of pollen diets
For all experiments, pollen was prepared in large quantities
by mixing and grinding the same bee-collected pollen (as fed
to the source colonies) with a coffee mill (CM 800, Graef,
Arnsberg, Germany). The bee-collected pollen was relatively
diverse in colours (personal observation) and can comprise
pollen from up to 15 different genera (Ruedenauer et al.
2016). For each diet, we mixed 48 g of the resulting powder
with 11 ml (for pure pollen) or 13 ml (for pollen subsequently
‘enriched’ with AAs and FAs) of deionised water to create a
paste that sticks to the copper plates used in the learning
experiments (Fig. S1). We subsequently added powdery AAs
or FAs to ‘nutritionally enrich’ the latter pollen–water mix-
ture. The slightly different amounts of water were used to
achieve a similar pollen paste texture across diets. Prepared
pollen diets were kept frozen until usage. Consequently, all
diets of one experimental series were produced from the same
batch of pollen and differed only in the amount and type of
admixture added. Note that bee-collected pollen is mixed with
regurgitated nectar by honeybees, which does not, however,
elicit a spontaneous PER in unconditioned bumblebees.
We tested pure bee-collected pollen and bee-collected pollen
enriched with 0.5, 5 or 10x the natural mean concentrations
of (1) eleven AAs (0.5x/5x/10x AA) (Table S1, means were
calculated from the dataset of Weiner et al. (2010)) or (2)
seven FAs (0.5x/5x/10x FA) (Table S2, means calculated
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from the dataset of Manning (2006)) in learning and feeding
experiments. The AA and FA concentrations tested occur in
natural pollen, except for the 10x concentration, which
exceeds the upper limits of known concentrations (Roulston
& Cane 2000; Manning 2006; Weiner et al. 2010). AA and
FA contents of the bee-collected pollen used in our experi-
ments were analysed as described in Methods S1. Contents
were within the natural range as calculated for hand-collected
pollen (Table S1 and S2).
Note that we did not include oleic acid and linoleic acid in
the FA mixture, because these FA modify the pollen paste
texture in a way that prevents testing. However, as oleic and
linoleic acid are both beneficial to bees and were found to
support cognitive performance in bees (Arien et al. 2015;
Arien et al. 2018; Muth et al. 2018), we tested them separately
in the learning experiments (see below).
Learning experiments
We used a recently established technique, chemotactile differ-
ential conditioning of the proboscis extension response (PER)
(Ruedenauer et al. 2015), to test whether Bombus terrestris
workers can differentiate pollen differing in its AA and FA
content. The PER learning assay is based on classical condi-
tioning (Pavlov 1927) and allows testing whether or not bees
can learn to differentiate between two sensory cues (e.g. food
with two different concentrations of the same nutrient). While
other methods, such as electroantennographic measurements
or single-sensillum recordings investigate cue processing at the
receptor level, PER conditioning ultimately tests perception
and thus the effect of specific cues on actual behavioural
responses. In contrast, signals measured at the receptor level
can be modified or even nullified on their way from receptors
to processing centres in the brain (Eltz & Lunau 2005) and
thus have no or little impact on an animal’s behaviour. PER
conditioning thus enabled us to test the bees’ ability for pre-
ingestive perception by means of the antennae and conse-
quently the bees’ assessment of pollen nutritional quality-
based on specific nutrients.
The experimental setup of the PER experiments was based
on Sommerlandt et al. (2014) and Ruedenauer et al. (2015).
Bumblebees covering the full size spectrum from small to
large workers were caught from the foraging chamber and
chilled on ice for 15 min. Thereafter, they were placed inside
tubes made of plastic pipette tips (Hartenstein, W€urzburg,
Germany) and fixed with ‘yokes’ made of paper clips (Som-
merlandt et al. 2014; Ruedenauer et al. 2015). Head and fore-
legs were unfixed to allow movement and a proper PER. The
bees were then placed in a rack equipped with damp cloth
and fed with a 0.5 M sucrose solution. The rack was placed
in a climate chamber (see above) for 25 h. On the next day,
each individual was tested for a proper PER by holding a
toothpick soaked with 0.5 M sucrose solution to its antennae.
Only bumblebees showing a proper PER were used for the
experiments. We used a standardised PER protocol (e.g. Bit-
terman et al. 1983; Laloi et al. 1999) with differential chemo-
tactile conditioning (Ruedenauer et al. 2015). This method
uses two different conditioned stimuli (CS), one rewarded
(CS+) with sucrose solution (unconditioned stimulus, US) and
one unrewarded (CS). Bees were placed in a test rack and
allowed to rest for 15 s, before a CS was presented to the
antenna for 6 s using a copper stick mounted on a microma-
nipulator (Ruedenauer et al. 2015). As soon as the bee
touched the CS, the 6 s time interval was started to test for a
PER. In case of the CS+, a tooth pick soaked with sugar
water (US) was held to the antenna for the last 3 s of the CS
presentation, and the bee was allowed to lick. When a CS
was presented a blank tooth pick was held near the antenna
to account for a possible bias due to the tooth pick movement
and thus prevent bees from using visual cues for learning.
After stimulus presentation, the bee was allowed to rest for
another 15 s and the next bee was tested. The intertrial inter-
val (ITI), the time between trials of the same individual, was
8 min (Bitterman et al. 1983). One experimental series con-
sisted of 20 trials presenting CS + and CS in the following
order: CS+, CS, CS+, CS+, CS, CS+, CS, CS, CS+,
CS, CS+, CS, CS+, CS+, CS, CS, CS+, CS, CS,
CS+. This order does not allow for any inferences on the next
stimulus and remains stable across trials. Each individual was
only tested in one experimental series. Each stimulus was
tested as both CS+ and CS in two different experimental
series (referred to as “reversed meaning”).
For presentation of the CS, a wet filter paper was placed on
the copper sticks and about 50 mg of pollen paste was applied
to this paper. The pollen and filter paper were renewed after
every stimulation (each bee was stimulated with fresh pollen
and filter paper). The plates were cleaned in 99% ethanol
(Hartenstein, W€urzburg, Germany) after each stimulation.
At first, we tested pure bee-collected pollen (PP) (henceforth
referred to as pollen) against the same pollen enriched with
(a) 10x AA or (b) 10x FA. Note that, despite adjusting water
amounts, pollen paste texture was practically identical for pol-
len enriched with different amounts of FAs and only slightly
different for pure pollen. To nevertheless ensure that the bees
actually learned differences in nutrient concentrations and not
in texture, we tested pollen enriched with 0.5x the natural
mean concentrations of the seven FA (0.5x FA) against the
10x FA. We additionally tested pollen enriched with different
concentrations of only linoleic and only oleic acid separately
(0.5x against 10x), because these two FAs are abundant in
pollen and beneficial for bees (Manning 2006), but could not
be included in the mixture (see above). To finally determine
whether differentiation was based on all or only specific FAs
out of the nine FAs tested in total, we additionally tested each
of the nine FAs against pure pollen.
Despite the use of concentrations naturally found in pollen,
the addition of AAs could have exceeded the natural detec-
tion/perception range of bumblebees. To account for this pos-
sibility, we repeated the AA experiment using pollen which
was first diluted with cellulose (pollen:cellulose 1:10) before
adding AAs (0.5x and 10x AA) and testing each concentration
against diluted pollen. The pollen types used thus contained
overall lower AA concentrations which were still within the
natural concentration range of pollen and provided similar
relative differences as tested above. Cellulose can neither be
neither smelled nor tasted by bumblebees and should therefore
not affect perception (Mapalad et al. 2008; Ruedenauer et al.
2015).
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Feeding experiments
We additionally tested for the effect of pollen enriched with
AAs or FAs on consumption and thus changes in bee forag-
ing behaviour post-ingestion using feeding experiments with
microcolonies (Ruedenauer et al. 2016; Vaudo et al. 2016b).
These queenless colonies, which consist exclusively of workers,
have been proven to be fully comparable to queenright colo-
nies for measuring nutritional requirements and fitness effects
(Genissel et al. 2002; Tasei & Aupinel 2008).
The experimental approach followed Ruedenauer et al.
(2016). Based on 18 mother colonies, we prepared overall 336
queenless microcolonies, each consisting of 20 randomly
selected Bombus terrestris workers all obtained from the same
mother colony. This resulted in ~ 19 microcolonies per
mother colony (Table S3). Microcolonies were kept in small
two-chambered wooden boxes (14.5 9 13 9 10 cm per cham-
ber) covered with clear acrylic glass. Food was provided in
one chamber (foraging chamber) and the second chamber was
used for nesting (nest chamber). The boxes were kept in the
laboratory in a 12/12 h light/dark cycle at 25°C. Bees had
ad libitum access to a 2 M sucrose solution.
We performed two types of feeding experiments: choice and
no choice diet experiments (Table S3). In no choice diet exper-
iments, the bees were provided with one pollen type/one diet
only, which allowed us to compare the effect of each diet on
the worker bees’ survival and reproduction used as measure
for fitness. In choice diet experiments, bees were offered two
different diets (pure pollen and enriched pollen) simultane-
ously to measure differences in consumption and thus forag-
ing choices between the two diets. The choice diet experiment
consequently provided information on whether or not bees
discriminated between pure and enriched pollen when they
could probe and ingest the pollen. In contrast, the PER learn-
ing experiments only provided information on pre-ingestive
discrimination. To finally determine whether the workers
relied on larval feedback for their foraging decisions, we per-
formed each choice diet experiment with half of the micro-
colonies being allowed to rear brood (brood treatment) and
brood removed from the other half (no brood treatment).
Larval feedback could, in theory, interfere with individual
worker assessment as requirements can differ between larvae
and adults, resulting in different resource intake between colo-
nies with and without brood. As microcolonies were queen-
less, they only produced male offspring.
Fresh pollen was provided daily in small petri dishes placed
in the centre of the foraging chamber containing either one
diet only (no choice diet experiments) or two different diets
(choice diet experiments). For the choice diet experiment, the
position of the two petri dishes was randomised across days.
Each day, the dishes were weighed to quantify the food
uptake from each diet by each microcolony. Evaporation was
taken into account by calculating the weight loss of dishes
(containing the same diets) placed outside the colonies and
correcting weights of experimental dishes accordingly. As bees
died over the course of the experiments and the number of
individuals varied between colonies, we always divided overall
food collection by the number of individuals present in each
microcolony per day. We determined the effect of pollen
enriched in AA or FA content on the longevity and reproduc-
tive success of bumblebees in microcolonies in the no choice
diet experiments. For the survival analysis, dead individuals
were recorded each day. To analyse differences in reproduc-
tive success, we recorded the number of egg clumps, larval
cells, pupae and hatched drones per day.
A complete overview of the feeding experiments, treatments
(no choice or choice diet, pollen type(s) offered and brood or
non-brood) and numbers of microcolonies tested in each setup
is shown in Table S3. In order to produce robust results, we
repeated each feeding experiment at least twice between
February 2017 and April 2018.
Data analysis
To analyse differences in learning performance (PER experi-
ments), we used the number of positive responses (i.e. proboscis
extension reactions) to each conditioned stimulus. First, we
checked whether response numbers depended on whether a
substance was used as CS+ or CS (reversed meanings) using
a Mann-Whitney U test (because data were not normally dis-
tributed). As we found no differences in any of the experiments
(Table S4), data were combined following standard PER condi-
tioning procedures (Laloi et al. 1999; Sommerlandt et al. 2014).
For the comparison of responses towards the CS+ and CS
we used paired U tests to account for the fact that CS+ and
CS values were obtained from the same individual.
For each feeding experiment, we always tested first for sig-
nificant effects of the “experimental period” and the “mother
colony” by including these factors as random effects in a gen-
eralised linear mixed effect model (GLMM) and comparing
the GLMM to a generalised linear models (GLM) without
random effects (both with Gaussian distribution), following
Zuur et al. (2009). When both or one of the random factors
explained a significant proportion of the observed variance, as
assessed through a likelihood ratio test for model comparison
(Table S9), we performed a GLMM (lme4 package (Bates
et al. 2015)) with the respective random factor(s). When there
was no significant effect of either one of the random factors,
we performed a GLM (lme4 package). We always tested for
the effect of diet (fixed effect) on the mean pollen consumed
per individual and microcolony over the whole experiment,
either within one treatment (choice diet) or between treat-
ments (no choice diet).
Differences in reproductive success between microcolonies
offered different pollen diets in the no choice diet experiment
were analysed either with a GLMM or a GLM (see above)
analysing differences in the number of egg clumps, larval and
pupal cells (newly produced or removed in relation to the pre-
vious day) between diets (fixed effect).
Differences in the survival rate of bees in the no choice diet
experiment were analysed with Kaplan-Meyer survival statis-
tics by comparing median survival times between each diet
pair using log-rank tests (survival (Therneau & Grambsch
2013) & KMsurv package (Klein & Moeschberger 2006)). As
this involved multiple testing, we adjusted the a-level using
Bonferroni.
All statistical analyses were performed using the program R
v3.5.0 (R Core Team 2018).
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RESULTS
Learning experiments
Bumblebees differentiated between pure pollen and pollen
enriched with FAs already after the first three CS+ and three
CS trials (10x FA, Fig. 1b, Table S4), while they did not
learn to differentiate between pure pollen and pollen enriched
with AAs even after 20 trials (Fig. 1a, Table S4). Bumblebees
were also not able to differentiate between diluted pollen and
diluted pollen enriched with AAs (Fig. S2). However, pollen
enriched with the 0.5x FA and 10x FA mixtures as well as
with linoleic and oleic acid (0.5x and 10x) were again clearly
differentiated by the bumblebees after six CS+ and six CS
trials (Fig. S3, Table S4). Bumblebees could also discriminate
between pure pollen and pollen enriched with each one out of
the nine FAs at similar levels as found for pollen enriched
with all FAs (Fig. S4, Table S4).
Feeding experiments
Adding different concentrations of AAs did not affect overall
pollen consumption of microcolonies, neither in the choice
diet (Fig. S5, Table S5) nor in the no choice diet experiment
(Fig. 2a, Table S5). Bumblebees in all treatments consumed
on average between 11 mg ( 3 mg) and 17 mg ( 3 mg) per
individual and day. Consequently, bumblebees consumed
more AAs in the high AA no choice diet experiments (Fig. 2c,
Table S6). However, this did not affect their reproduction
(Table S7) or survival (Fig. 2e, Table S8).
In contrast, bumblebees showed clear preferences for pure
pollen over pollen enriched with FAs at ecologically relevant
(low) concentrations in the choice diet experiment, indepen-
dently of the presence of brood (Fig. 3, Table S5). While they
consumed on average 18 mg ( 5 mg) of pure pollen, they
only consumed on average 7 mg ( 3 mg) per individual and
day of pollen enriched with FAs. Consequently, consumption
of FAs decreased (to less than 2 mg ( 0.5 mg) per individual
and day) with increasing pollen FA content (Fig. 2d,
Table S6). Pollen enriched with FAs also significantly reduced
reproduction (Table S7) and survival (Fig. 2f, Table S8). Sur-
vival decreased by 80% in the high FA treatment compared
to pure pollen. Colonies in the middle and high FA treat-
ments were only able to produce four egg clumps in total,
none of which developed into larvae.
DISCUSSION
Our results demonstrate that Bombus terrestris workers focus
perception on and thus learn one particular nutrient group,
fatty acids (FAs), while ignoring others, e.g. amino acids
(AAs), when assessing pollen nutritional quality. Moreover,
while FAs are essential for bees (Arien et al. 2015; Annoscia
et al. 2017), increased FA concentrations in pollen had a more
detrimental effect on survival and reproductive fitness than
AAs. Our results consequently suggest that, when assessing
pollen nutritional quality, B. terrestris, and potentially also
other bees, ‘prioritise’ perception of one particular nutritional
cue, which also appears to be the nutrient with the strongest
fitness consequences.
Links between nutrition and fitness, here defined as individ-
ual and microcolony survival and reproduction, have been
repeatedly demonstrated in several insects, including bees (i.e.
Keller et al. 2005; Alaux et al. 2010; Brodschneider & Crail-
sheim 2010; Archer et al. 2014; Roger et al. 2017). However,
none of these studies investigated the role of nutrient percep-
tion or how perception may be linked to nutrient regulation
and individual/colony fitness.
Queenright colonies and queenless microcolonies (as used in
our feeding experiments) are comparable in terms of nutri-
tional intake and reproductive behaviour (Genissel et al. 2002;
Tasei & Aupinel 2008). Moreover, unlike different castes in
honeybees, bumblebee workers, queens and drones receive
food of equal nutritional composition (Pereboom 2000), which
suggests that they have the same (or at least similar) nutri-
tional requirements and are therefore similarly affected by
food of inappropriate quality (e.g. of high fat content).
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Figure 1 Percentage of proboscis extension responses (%PER) shown by Bombus terrestris individuals (N = 100) in differential chemotactile conditioning
to bee-collected pollen enriched with (a) 10x the natural concentration of amino acids (AA, N = 41) and (b) 10x the natural concentration of fatty acids
(FA, N = 58). CS+ (black) represents the rewarded conditioned stimulus, CS (grey) the unrewarded conditioned stimulus. Both stimuli were used as
CS+ and CS. As there was no significant difference in learning performance between these reversed meanings (Table S4), both groups were combined.
Different letters next to each line indicate a significant difference between stimuli (P < 0.05)
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Fitness effects (i.e. effects on worker reproduction and sur-
vival) observed in microcolonies do consequently most likely
apply to queenright colonies and to the reproduction of virgin
queens and drones (Genissel et al. 2002; Tasei & Aupinel
2008). Moreover, workers are largely responsible for provi-
sioning the colony. If they avoid specific pollen sources in the
field or die faster as a consequence of inappropriate quality
(e.g. high fat content), the colony as a whole will be affected
and potentially starve. We are therefore confident that the
negative fitness consequences found in our experiments with
microcolonies fed pollen enriched with FAs can be directly
related to queenright colonies.
Similar negative effects of FAs on survival were also shown
for honeybees (Apis mellifera) by Manning et al. (2007). In
fact, high FA concentrations in food can limit the uptake rate
of FAs by midgut cells (as reviewed by Canavoso et al. 2001),
which can subsequently damage cell membranes (Haddad
et al. 2007) and may explain why B. terrestris workers
strongly avoided consuming pollen enriched with FAs
(Fig. 2b and d). Consequently, the observed negative survival
and fitness effect of FAs in pollen were most likely due to a
combination of both intoxication with excessive FA amounts
(Canavoso et al. 2001; Haddad et al. 2007; Manning et al.
2007) and a lack of other essential nutrients as a consequence
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Figure 2 Consumption of pollen and nutrients and survival of Bombus terrestris in six microcolonies in no choice diet experiments (N = 48). Average daily
(a and b) food and (c and d) nutrient collection [µg/individual  SD] of different pollen diets. Bees were offered pollen enriched with (a, c, e) different
concentrations of amino acids (AAs) or (b, d, f) different concentrations of fatty acids (FAs). Different letters above the bars indicate significant differences
(P < 0.05) between pollen diet/nutrient consumption according to Tukey post hoc pairwise comparisons (see Tables S5 & S6). (e and f) Average survival
probability of Bombus terrestris individuals. There was no difference in the survival of (e) individuals fed with different AA diets (Table S9, S10), but (f)
individuals fed with 0.5x, 5x and 10x FA diets died faster compared to individuals fed pure pollen, and individuals fed with 5x and 10x FA diets died
faster compared to individuals fed 0.5x FA diets (Table S8)
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of reduced overall pollen consumption (Rodriguez et al. 1993;
Simpson & Raubenheimer 2012) due to fat avoidance. Both
intoxication and a lack of nutrients will ultimately impact on
reproduction (Human et al. 2007; Pirk et al. 2010) and reduce
survival.
Our findings seem to contradict the frequently discussed
importance of pollen protein and AAs for bumblebee forag-
ing, and suggest an at least equally important role of fat/FAs.
However, most previous studies only considered protein/AA
content but rarely fat/FA content. It is possible that contents
of both macronutrients are naturally correlated in pollen, e.g.
due to linked biosynthesis pathways. For example, a negative
correlation between protein and fat, as found by Ruedenauer
et al. (2019) for pollen collected by bees, might enable bees to
select a high P:L ratio (Vaudo et al. 2016b) through focusing
on a reduced fat/FA intake.
Notably, bumblebees are capable of receiving and perceiv-
ing specific AAs and of learning differences in AA concentra-
tions, at least when AAs are dissolved in water and not in
pollen (Ruedenauer et al. 2019). Likewise, honeybees appear
to use AAs to select nectar rich in (essential) AAs, which they
prefer over nectar poor in (essential) AAs (Alm et al. 1990;
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Figure 3 Proportion of daily food collected [mean proportion food collected/individual  standard deviation (SD)] from each of two different pollen diets
offered to individuals of 12 Bombus terrestris microcolonies in choice diet feeding experiments (N = 96). Bees were offered a choice between (a and b) two
pure pollen diets as control, (c and d) pure pollen and pollen enriched with 0.5x the natural concentration of fatty acids (FAs), (e and f) pure pollen and
pollen enriched with 5x the natural FA concentrations and (g and h) pure pollen and pollen enriched with 10x the natural FA concentration. In half of the
treatments, colonies were allowed to raise brood, while the in the other half of the treatments, egg clumps were removed daily (No brood). Significance
levels: n.s. = not significant, **P < 0.01, ***P < 0.001
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Hendriksma et al. 2014). Such context- or food resource-de-
pendent cue perception suggests that bees are not only sensi-
tive to the nutritional quality of collected food, but also
adjust their sensory perception to the nutritional profile and
dietary role of specific food resources. In fact, different types
of food (e.g. pollen vs. nectar) appear to be subject to differ-
ent nutritional quality measures (e.g. pollen quality may be
mostly assessed by its fat, nectar quality by its sugar and AA
content), likely because they have different dietary roles (e.g.
pollen provides protein, fat and micronutrients, while nectar
is the main sugar and thus energy source). When regulated
nutrients occur in combination with other nutrients, as is e.g.
the case for fat(ty acids) in pollen, perception of cues directly
related to regulated nutrients and reproductive fitness seems
to be ‘prioritised’. Reception of other nutrients, e.g. AAs, at
the receptor level may however still take place. A simple
mechanism explaining this ‘perceptional prioritisation’ would
be that the FA input, as soon as present, is overlaying the
AA input, either through receptive reinforcement (Abisgold &
Simpson 1988; Simpson et al. 1991) or through adaptations of
the received information at the brain level (Eltz & Lunau
2005), which may lead to a modification or even full extinc-
tion of “non-relevant” (nutritional) cues. Such processing
would enable a specific and context-dependent nutritional
quality assessment, as observed in our study.
Our results are thus in contrast with our expectations and
with assumptions of previous studies suggesting that bees, like
many other herbivores, regulate protein intake when collecting
pollen. We suggest that, instead, Bombus terrestris workers,
and potentially also other bees, focus on fat regulation when
collecting pollen and use FAs as major nutritional cue for
nutritional quality assessment. Moreover, we show, for the
first time in insects, that perception, nutrient regulation and
fitness can be linked for a specific resource (Fig. S6). ‘Priori-
tised perception’ of nutritional cues/nutrients, which are most
closely linked to fitness, may represent a most valuable, highly
efficient and evolutionary beneficial strategy for foraging ani-
mals.
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